Abstract Electrolyzed reduced water, which is capable of scavenging reactive oxygen species, is attracting recent attention because it has shown improved efficacy against several types of diseases including diabetes mellitus. Alloxan produces reactive oxygen species and causes type 1 diabetes mellitus in experimental animals by irreversible oxidative damage to insulin-producing b-cells. Here, we showed that electrolyzed reduced water prevented alloxaninduced DNA fragmentation and the production of cells in sub-G1 phase in HIT-T15 pancreatic b-cells. Blood glucose levels in alloxan-induced type 1 diabetes model mice were also significantly suppressed by feeding the mice with electrolyzed reduced water. These results suggest that electrolyzed reduced water can prevent apoptosis of pancreatic b-cells and the development of symptoms in type 1 diabetes model mice by alleviating the alloxan-derived generation of reactive oxygen species.
Introduction
Diabetes mellitus (DM) is classified into two major types, type 1 (T1DM) and type 2 (T2DM) (Kuzuya et al. 2002) . DM is a metabolic disease characterized by chronic hyperglycemia, and is recognized as one of the major health problems in today's society. Thirty thousand people are reported to be diagnosed with T1DM every year and several million people are affected worldwide (Bresson and von Herrath 2007) . Apoptosis is believed to cause pancreatic b-cell loss in T1DM, while apoptosis or necrosis is implicated in T2DM (Cnop et al. 2005 ). In the case of T1DM, b-cell loss by apoptosis causes insulin deficiency leading to hyperglycemia, which often results in life threatening complications (Cnop et al. 2005) . It has been reported that, under hyperglycemic conditions, oxidative stress by free radicals is markedly increased in tissues (Valko et al. 2007 ). In particular, pancreatic b-cells are highly sensitive to reactive oxygen species (ROS) attack because of their low expression of antioxidant enzyme genes which results in low levels of catalase, glutathione peroxidase and superoxide dismutase (SOD) activities (Lenzen et al. 1996; Sigfrid et al. 2004 ). In addition, several studies have suggested that ROS plays an important role in contributing to b-cell dysfunction and disease progression through direct free radical-mediated oxidative damage to bio-molecules including DNA, which leads to apoptosis, and causes various forms of tissue damage (Takasu et al. 1991; Kaneto et al. 1996; Pennathur and Heinecke 2007) . These results indicate that ROS are the major triggering molecules to induce apoptosis in pancreatic b-cells. Therefore, the control of ROS levels could be the first step in preventing or reversing DM. In support of this idea, many reports suggest that ROS toxicity may be circumvented by overexpression of mitochondrial catalase and/or SOD in insulin-producing cells (Lortz and Tiedge 2003; Gurgul et al. 2004; Lortz et al. 2005) .
Currently, the standard therapeutic approach for T1MD utilizes medications such as insulin as well as oral hypoglycemic agents like sulfonylureas, biguanides, thiazolidinediones (rosiglitazone, pioglitazone) and/or newly developed drugs (Nathan 2007) . However, some of these drugs are often accompanied by side effects. For example, rosiglitazone increases the risk of myocardial infarction (Nissen and Wolski 2007) and decreases bone mineral density (Yaturu et al. 2007 ). Therefore, efforts have been made to discover effective and safer agents, and various agents have been found to be effective in laboratory animal trials. So far only three agents have shown safety and efficacy in phase II/III clinical trials in humans (Bresson and Von Herrath 2007) . Thus, a continuous effort is still necessary to find drugs and/ or reagents which fulfill both efficacy and safety requirements (Bresson and Von Herrath 2007) . To meet this demand, a number of reports have been published regarding agents like Ganoderma lucidum polysaccharides (Zhang et al. 2003) and grape seeds proanthocyanidins (El-Alfy et al. 2005 ) with a range of efficacies against T1DM.
In recent years electrolyzed reduced water (ERW) has attracted increasing attention because it has been shown to possess antioxidative effects by functioning as a free-radical scavenger. ERW scanvenged ROS in vitro and protected DNA from oxidative damage (Shirahata et al. 1997) , stimulating glucose uptake by muscle cells and adipocytes (Oda et al. 1999) . It was demonstrated that ERW scavenged intracellular ROS, inhibited the decrease of pancreatic b-cell viability and enhanced glucose-stimulated insulin secretion in pancreatic b-cells damaged by alloxan (ALX) (Li et al. 2002) . In addition, it was reported that ERW prepared from tap water could elevate blood insulin level as well as other indexes in genetically diabetic db/db mice, a model of human T2DM (Kim and Kim 2006) . Thus ERW as a new ROS scavenger may be expected to show therapeutic efficacy against diabetes mellitus in general. However, the same authors have reported that ERW failed to elevate blood insulin levels in STZ-induced diabetic mice, an animal model of T1MD (Kim and Kim 2006) , which raises the possibility that the anti-T1DM effect of ERW in vivo is different from that in vitro (Li et al. 2002) . Also, the anti-apoptotic effect of ERW on b-cell death in vitro and in a T1DM animal model induced by ALX has not been investigated in detail.
Therefore, the aim of the present study was to evaluate the anti-T1DM effects of ERW on ALX-induced apoptotic b-cell (HIT-T15) death and ALX-induced diabetic male ICR (CD 1-strain) mice.
Materials and methods

Reagents
Roswell Park Memorial Institute (RPMI) 1640 medium was purchased from Nissui Pharmaceutical Co. (Tokyo, Japan). Propidium iodide (PI) and alloxan were purchased from SIGMA Chemical Co. (St. Louis, MO). DNase-free RNase, 4-[2-hydroxyethyl]-1-piperazineethane-sulfonic acid (HEPES), fetal bovine serum (FBS), bovine serum albumin (BSA), penicillin, streptomycin, and all other chemicals were obtained from Wako Pure Chemical Industries (Osaka, Japan).
Preparation of reduced water and medium ERW was prepared by electrolysis of ultra pure water (UPW) (MilliQ, Millipore) containing 2 mM NaOH at 100 V for 60 min using a batch type electrolyzing device equipped with platinum-coated titanium electrodes (Type TI-200, Nihon Trim Co., Osaka, Japan). Further detail of the device is given elsewhere (Ye et al. 2008) . Sample waters were stored in closed glass bottles at 4°C and neutralized with 12 mM HEPES buffer (pH 7.4) when medium was prepared. The ERW prepared with this device has a high pH (11.47 ± 0.15), high dissolved hydrogen (DH) (0.93 ± 0.04 ppm), low redox potential (ORP) (-730.00 ± 91.65 mV) and low dissolved oxygen (DO) (6.15 ± 0.08 ppm) compared with UPW containing 2 mM NaOH (pH, 11.08 ± 0.11; DH, 0.00 ppm; ORP, 66.00 ± 5.7 mV; DO, 8.35 ± 0.52 ppm). The values were shown as Mean ± S.E.M. In order to investigate the effects of ERW on ALX-induced apoptosis in HIT-T15 cells, medium was prepared using ERW in place of UPW containing 2 mM NaOH (UPW(NaOH)). The pH, DH, ORP and DO of UPW(NaOH)-and ERW-based media were as follows: UPW(NaOH)-based medium (pH, 7.34 ± 0.02; DH 0.00 ppm; ORP, 53.0 ± 2.8 mV; DO, 8.59 ± 0.56 ppm) and ERW-based medium (pH, 7.61 ± 0.01; DH, 0.43 ± 0.1 ppm; ORP, -77.0 ± 10.5 inV; DO, 6.96 ± 0.63 ppm). DH was determined using a DH meter (type DHS-011) from ABLE Co. Ltd (Tokyo). ORP and DO were measured using a ORP meter (type HM-14P) and a DO meter (Type DO-14P) from Toa Electronics Ltd. (Tokyo). pH was measured using a pH meter (Beckman, Type pHI32). All measurements were performed at room temperature. The data on quality and component analysis of water samples are shown in a Supplementary Table (See Springer's web site).
Cell culture
The hamster pancreatic b-cell line, HIT-T15, was purchased from Dainippon Pharmaceutical Co. (Tokyo, Japan). The cells were maintained and cultured on Falcon dishes with 10% FBS/RPMI 1640 medium supplemented with 2 mM L-glutamine, 100 IU penicillin-G, 100 lg/mL streptomycin and 12 mM HEPES buffer (pH 7.4) at 37°C in a humidified atmosphere of 5% CO 2 . For the sub-G1 phase assay and TUNEL assay, the cells were subcultured in 6-well plates at a density of 2 9 10 5 cells/ well. When the cell density reached 80% confluence, they were used for the various studies. The culture media were replaced every 48 h throughout the cell growth period.
In situ labeling of 3 0 -hydroxyl ends on DNA assay (TUNEL assay) Apoptotic cells were determined using an ApoAlert DNA Fragmentation assay kit (Clontech Laboratories. Inc., Mountain View, CA) based on the terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick-end-labeling (TUNEL) method. Briefly, the cells were harvested by gentle scraping, counted, washed in PBS, resuspended in fresh, prechilled 1% formaldehyde on ice and incubated for 20 min. The cells were collected by centrifugation and washed once with PBS and then fixed with 70% ethanol at -20°C overnight. Following centrifugation, the cell samples were washed with PBS and treated with 0.2% Triton X-100 in PBS for 5 min at room temperature. The cells were washed again with PBS after centrifugation and resuspended in the TdT reaction buffer and incubated at 37°C for 1 h, and then 20 mM EDTA was added to terminate the reaction. After washing with 0.1% Triton X-100/BSA/PBS solution, the cells were resuspended in 500 lL PBS containing 0.5 lg/mL of PI and 0.5 mg/mL of DNase-free RNase A, and incubated at room temperature for 20 min prior to measurement. Cellular fluorescence was measured using the flow cytometry.
Sub-G 1 phase assay
In the present study, cell cycle analysis was carried out according to the methods of Nicoletti et al. (1991) , which utilize PI staining and flow cytometry. Briefly, HIT-T15 cells were pre-incubated with medium containing various waters for 24 h, then the pre-incubation medium was replaced by Hank's balanced salt solution (HBSS) (137 mM NaCl, 5.4 mM KCl, 1 mM MgCl 2 , 2 mM CaCl 2 ) containing 1 g/L BSA, 12 mM HEPES (pH 7.4) and ERW followed by 30 min incubation. After the addition of 1 mM ALX, the cells were further incubated for 4 h. The cells were collected by trypsinization and centrifugation at 200 9 g for 5 min. Then, the cell pellets were gently resuspended in 0.5 mL phosphate buffered saline (PBS) followed by overnight fixation in 2 mL of 70% ethanol at -20°C. Fixed cells were centrifuged at 200 9 g for 5 min to remove cell debris. The cell pellets were resuspended in 100 lL phosphate-citrate buffer (0.2 M Na 2 HPO 4 , 0.1 M citric acid), incubated for 20 min and then centrifuged at 200 9 g for 5 min. The cell pellets were incubated in 1 mL PI/RNase A/PBS staining solution (10 lg/mL PI, 10 lg/mL RNase A) at 25°C for 20 min in the dark. Stained cells were analyzed by a flow cytometer (EPICS XL System II-JK. Beckman Coulter, USA). An excitation source of 488 nm was used. Fluorescence emission was collected through a 610 nm band pass filter for PI. PI fluorescence data were collected on a linear scale. Ten thousand cells were evaluated for each sample. The percentage of apoptotic cells was determined using the Cell-Quest software.
Animals
Healthy, male ICR (CD 1-strain) mice were obtained from Charles River Japan Inc. (Tokyo, Japan). Animals were approximately 5 weeks of age, weighing about 30 g at receipt. Following a 7-day acclimation period, 36 mice were randomly assigned into three groups of 12 mice to ensure homogeneity of body weights across the groups. Mice were housed in a room maintained at an average daily temperature of 22-25°C, an average daily relative humidity of 40-60% and on a 12 h light-dark cycle (light phase from 7:00 a.m. to 7:00 p.m.). Mice were fed balanced mice feed (CRF-2) obtained from Charles River Japan Inc. The feed and water were consumed ad libitum during the acclimation and study periods. Prior to each study, the mice were fasted for 15-18 h.
Animal treatments
To study the effects of ERW on normal mice, all mice were fed daily with UPW (two groups) or freshly prepared ERW (one group) for 4 weeks. To induce diabetes, the group of ERW fed mice was fasted for 18 h, and ALX was administered by three consecutive intraperitoneal injections at intervals of 48 h at a dose of 100 mg/kg body weight (total dose of 300 mg/kg weight) (Fig. 2) . Prior to injection, ALX was dissolved in citrate buffer (0.05 M, pH 4.0), because ALX is very unstable at neutral pH. One of the two UPW fed control groups was injected with the citrate buffer only, and the other control group was injected with ALX as described above. ERW and UPW was given as the source of drinking water and changed daily until the end of the study. All mice were observed for behavioral changes like polydipsia, polyphagia and polyuria. During the experimental periods, body weights were measured once weekly at a designated time and water and food consumption were measured thrice weekly. Daily water and food consumption were calculated for each mouse by combining the total weight of the water and food consumed every 2 day period. Details of the experimental protocol are given in Fig 
Determination of Blood Glucose Level and Insulin
For the blood glucose assay (B.G.A in Fig. 2 ), blood samples from the control and experimental mice were collected at weeks 0, 4, 6, 7, 8 and 9 by puncturing a tail vein of the mice fasted for 15 h. The blood glucose concentration was determined using a glucose autoanalyzer (Bayer Corporation, Beaver Falls, PA). Mice with basal glucose levels under the fasting condition ranging between 150 and 350 mg/dL were considered mild ALX-induced diabetic mice, and higher than 350 mg/dL were considered as severe ALX-induced diabetic mice 24) . For determination of serum insulin levels, blood samples were obtained at the 9th week before sacrifice by orbital sinus puncture using capillary glass tubes. Sera were separated by centrifugation at 805 9 g for 15 min at 4°C. Serum insulin was estimated using an ELISA method insulin assay kit (Morinaga Seikagaku Corporation, Yokohama, Japan) following the manufacturer's instructions.
Statistical analysis
Tukey-Kremen method was used except for the analysis on body weight to determine the levels of significance between the means of the control and the test values. Statistical analysis on body weight was performed using LSD method. Results are expressed as the mean ± standard error of the mean (S.E.M.) of independent experiments with one tail. A value of p B 0.05 was considered as statistically significant.
Results
Effects of ERW on ALX-induced apoptosis of HIT-T15 cells
Previously, we reported that ERW scavenged the ALX-induced intracellular ROS in HIT-T15 cells and suppressed the death of HIT-T15 cells induced by ALX (Li et al. 2002) . To examine the effects of ERW against ALX-induced apoptosis of HIT-T15 cells, the TUNEL (TdT) assay was performed. Because UPW (NaOH) solution and ERW had no buffering action, they were easily neutralized by 12 mM HEPES in media. The percentage of TUNEL positive HIT-T15 cells cultured in UPW based medium was 5.16 ± 0.44% (Fig. 1a , UPW(-)ALX), while the use of UPW based medium containing ALX increased the TUNEL positive cells to 66.93 ± 2.94% (Fig. 1a , cf. HIT-T15 cells were treated with 1 mM ALX for 4 h after cultivation in ultrapure water (UPW) containing 2 mM NaOH-based medium or ERW-based medium for 24 h. The pHs of UPW containing 2 mM NaOH and ERW were neutralized by 12 mM HEPES in media. Apoptotic cells were then detected by the TUNEL procedure and analyzed by flow cytometry. UPW(-) means UPW containing 2 mM NaOH-based medium without ALX treatment; UPW(?) means ultrapure water containing 2 mM NaOH with 1 mM ALX treatment; ERW(?) means ERW-based medium with ALX treatment. Values are means ± S.E.M. from three independent experiments. Plus symbols represent significant differences observed between UPW(-) and UPW(?); p \ 0.001. Asterisks represent significant differences observed between UPW(?) and ERW(?); *** p \ 0.001. (b) Effects of ERW on the cell population in the sub-G1 phase. Cell cycle analysis was carried out using PI staining and flow cytometry, after HIT-T15 cells were treated in the same conditions as in Fig. 1a . Sub-diploidy apoptotic cells (sub-G1) are expressed as a percentage on the left side of each profile. The graph shown is a typical result of three independent experiments. Sample designations are the same as in Fig. 1a Cytotechnology (2011) To further confirm the effects of ERW, apoptotic cells resulting from ALX treatment for 4 h were detected quantitatively by measuring the PI-stained DNA content using flow cytometry (Fig. 1b) . The distribution of the cell cycle phases in HIT-T15 cells cultured in the medium containing ERW or UPW(NaOH) was examined after exposure to ALX. The population of cells in the sub-G1 phase increased as high as 39.5% after exposure to ALX for 4 h (Fig. 1b , UPW(?)ALX), while that of the control cells treated with UPW(NaOH) alone was 4.7% (Fig. 1b, UPW(-)ALX) . However, the population of cells in the sub-G1 phase in HIT-T15 cells pretreated with ERW-based medium, prior to ALX treatment, was decreased to 5.7% (Fig. 1b, ERW(?)ALX) . Thus sub-G1 analysis further demonstrated that ERW prevented ALX-induced apoptosis in HIT-T15 cells. No significant difference was observed between UPW-based medium and UPW(NaOH)-based medium on their effects against the ALX-induced apoptosis of HIT-T15 cells (data not shown). Results of two separate experiments demonstrated consistently that ERW could prevent ALX induced apoptotic cell death.
Effect of ERW on ALX-induced type 1 diabetic mice
The results of the in vitro studies with HIT-T15 cells demonstrated the anti-apoptotic effects of ERW, suggesting the possibility that the ERW could exert a similar effect in vivo. To examine this possibility, Fig. 2 Schematic representation of the in vivo study protocol. Six-week-old CD-1 mice were treated with UPW or ERW for up to 9 weeks. Blood samples were taken at the indicated time points and used for the blood glucose assay (B.G.A. indicated by upward arrow, :). Alloxan (ALX) was administered intraperitoneally (I.P.), as indicated by a downward arrow at the indicated time points (;). Further detail is given in the Materials and methods Male ICR(CD-1 strain) mice were administrated ultrapure water (control) and ERW. At the 4th week time point, ALX was injected intraperitoneally 3 times and number of mice exhibiting abnormal blood sugar levels and dead mice were determined. Mice with basal glucose levels under the fasting condition ranging between 150 and 350 mg/dL were considered mild ALX-induced diabetic mice, and higher than 350 mg/dL were as severe ALX-induced diabetic mice. At 9th week, the incidence rate of mice exhibiting blood sugar levels more than 150 mg/dL were also shown ERW was applied to experimental mice following the study protocol shown in Fig. 2 . All the animals received ALX (control) developed diabetes (100%) as early 2 weeks after final ALX treatment (i.e., 7th week from day 0, as shown in Table 1 ) and 25% died within 4 weeks (i.e., 9th week from day 0, as shown in Table 1 ) after ALX treatment, indicating that the study protocol is effective in inducing diabetes. On the other hand, the incidence of diabetes development for mice treated with ERW was reduced to 58.3% (Table 1) . Notably, five mice fed with ERW survived with normoglycemic levels of less than 150 mg/dL. Therefore, ERW may partly protect animals from developing ALX-induced T1DM.
Effects of ERW on blood glucose levels in ALX-induced type 1 diabetes model mice A useful marker to evaluate diabetic condition in mouse is blood glucose level. We first evaluated blood glucose levels, as described in the Materials and Methods section, after 0, 4 and 8 weeks with or without ALX administration. The normal mice fed with ERW for 4 weeks had slightly elevated blood glucose levels although they were statistically insignificant (Fig. 3 , cf. 0 and 4th week). A similar trend was observed after 8 weeks of prolonged feeding with UPW (Fig. 3 , UPW(-)ALX at 8th week) and this level of blood glucose (97.33 ± 9.63 mg/dL) was set as the basal level. Under the same conditions, administration of ALX elevated blood glucose levels to 569.33 ± 49.33 mg/dL (Fig. 3 , UPW(?)ALX at 8th week, p \ 0.001), substantiating that the study protocol is effective in inducing diabetes. However, when mice were fed with ERW prior to and after ALX administration, blood glucose levels were significantly lowered to 248.50 ± 92.10 mg/dL (Fig. 3 , ERW(?)ALX at 8th week, *** p \ 0.001).
However, blood glucose levels of mice fed with UPW and ERW for 8th weeks with ALX were significantly higher than when compared with the basal level (97.33 ± 9.63 mg/dL) ( ??? p \ 0.001 for UPW; p \ 0.05 for ERW, respectively) (Fig. 3, 8th week) . Together, the anti-hyperglycemic effects were concluded to be exerted by ERW. Although the reduction of blood glucose levels by ERW is effective, glucose levels are still considered to be mildly diabetic, suggesting that the anti-hyperglycemic effect of Fig. 3 The effects of ERW on blood glucose levels of normal and ALX-induced diabetic CD-1 mice. CD-1 mice were treated as described in the study protocol (Fig. 2) . Blood glucose levels at the 0, 4 and 8th week time points are presented. Each value denotes the means ± S. E. M., calculated from the data of survived mice. Plus symbols represent significant differences observed between UPW-administrated mice without ALX treatment (UPW(-)ALX) and UPW-administrated mice with ALX treatment (UPW(?)ALX) ( ??? p \ 0.001) or ERWadministrated mice with ALX treatment (ERW(?)ALX) ( ? p \ 0.05). Asterisks represent significant differences observed between UPW(?)ALX and ERW(?)ALX (*** p \ 0.001) Fig. 4 The effect of ERW on serum insulin levels of ALXadministered CD-1 mice. At the end of the study shown in Fig. 2 , blood samples collected via orbital sinus puncture was centrifuged and sera were collected. The serum insulin concentration was determined using an insulin ELISA kit. Values are means ± S.E.M., calculated from the data of survived mice. Asterisks represent significant differences observed between UPW or ERW fed mice followed by ALX administration; *** p \ 0.001. Sample designations are the same as in Fig. 3 ERW is mild (Fig. 3, 8th week, cf. UPW(-)ALX vs. ERW?ALX, ? p \ 0.05).
Effect of ERW on serum insulin levels in ALX-induced type 1 diabetes model mice
The serum insulin level is another important marker for monitoring pancreatic function, and could be used to evaluate the extent of tissue damage as well as physiological vitality. Again, using the mice treated as shown in the study protocol (Fig. 2) , blood samples were collected via orbital sinus puncture before animals were sacrificed. Insulin levels in mice fed with UPW alone were 1,391.5 ± 325 pg/mL (Fig. 4 , UPW(-)ALX). When the mice were fed with UPW and administered ALX, the serum insulin was drastically decreased to 47.5 ± 7.7 pg/mL (Fig. 4 , cf. UPW(?)ALX vs. UPW(-)ALX). However, the levels of insulin in mice fed with ERW recovered to 222.5 ± 128.0 pg/mL (ERW(?)ALX, *** p \ 0.001) in comparison with the suppressed level of insulin in ALX treated mice (UPW(?)ALX). Therefore, ERW was found to have preventive effects against ALX induced insulin reduction.
Effects of ERW on body weight, and food and water consumption Body weights as well as food and water consumptions were monitored throughout the experimental period (Fig. 5) . Body weights of mice fed with UPW and ERW for 4 weeks reached 39-42 g. The group of mice treated with UPW based medium alone reached 40.88 ± 2.46 g and maintained their body weight throughout the experimental period (Fig. 5a, 8th week, UPW(-)ALX). In ALX-induced diabetic mice, the group fed with ERW showed significantly restored body weight (Fig. 5a, 8th -d-) ) and ERW(?)ALX (-h-) was similar to each other up to the 5th week except that the UPW(?)ALX (-d-) group dropped slightly at the 5th week. The group fed with UPW without ALXadministration kept their food consumption fairly constant to the end of the experiment (Fig. 5b, -s-) . However, food consumption of the mouse group fed with UPW was increased by approximately twofold within a week following ALX administration and gradually increased throughout the study period (Fig. 5b, -d-) . Although, food consumption of the group fed with ERW was similarly increased within a week, as the UPW(?)ALX (-d-) group did, the amount of food consumed was suppressed compared with that of the UPW group (Fig. 5b, cf, - 
Trends in daily water consumption in all groups were quite similar to those of food consumption without a decline in consumption at the end of the 5th week (Fig. 5c, -d-) . It should be noted that water consumption of the group fed with UPW after ALXadministration was the highest which reflects the severity of hyperglycemic condition (Fig. 5c, -d-) . In comparison to UPW fed mouse group, the ERW fed mouse group consumed less water and suggests that ERW exerts an anti-hyperglycemic effect (Fig. 5c , cf, -h-vs. -d-, * p \ 0.05 and *** p \ 0.001).
Discussion
Previously, Li et al. reported that ERW protects alloxan (ALX)-induced HIT-T15 cell death by scavenging intracellular ROS, and suggested that the effect of ERW could be applicable to treatment of in vivo T1DM (Li et al. 2002) . The present studies further strengthen the results of Li et al. and provide evidence that ERW protects against apoptotic cell death induced by ALX. Furthermore, the in vivo studies have demonstrated a protective effect of ERW against ALX-induced T1DM development. Diabetes mellitus (T1DM, T2DM) is one of the most important health problems worldwide, showing high indices of prevalence and mortality (Kuzuya et al. 2002; Bresson and Von Herrath 2007) . T1DM development is mainly due to immune-mediated destruction of b-cells through contact with activated macrophages and T-cells, and/or exposure to cytokines, nitric oxide and ROS. These primary factors are thought to be associated with environmental agents, such as viruses and/or various pathological conditions and/or chemotoxins which modulate the incidence of T1DM (Toniolo et al. 1980) . Generation of ROS in response to such factors leads to apoptotic cell death (Valko et al. 2007) . When the level of ROS overwhelms the capacity of intracellular defense systems, redox homeostasis will be hampered and builds up oxidative stress in the cell. In turn, such oxidative stress, contributes to b-cell dysfunction and death resulting in the development of diabetes mellitus (Eizirik and Darville 2001; Curtin et al. 2002) . Taken together, the data indicate that apoptosis is the main mode of pancreatic b-cell destruction (Cnop et al. 2005; Kay et al. 2000; Jörns et al. 2005; Sakurai et al. 2001) . It is known that DNA fragmentation is preceded by single-strand nicking in apoptosis. The TUNEL assay allows for the detection of the generated single strand breaks by labeling the 3 0 -hydroxyl ends of nicked DNA. The TUNEL positive cells enter either to the DNA repair pathway for survival or to apoptosis (Bernstein et al. 2002) .
Results of the TUNEL assay showed that ERW reduced TUNEL positive cells, indicating reduced single-strand nicking events. Sub-G1 analysis is also a way to detect genuine apoptotic cells and the results showed positive effects of ERW in reducing the sub-G1 population, i.e., apoptotic cells. The results from these independent assays strongly suggest that ERW has preventive effects against HIT-T15 cell apoptosis caused by ALX.
In order to find ways to prevent and/or treat DM, in vitro and in vivo DM models induced by ALX have been widely used. ALX is used as a diabetogenic compound because it is known to damage pancreatic b-cells specifically by ROS generation (Winterbourn (c) consumptions in normal and ALX-administrated mice was measured at the indicated time points. In the case of food and water consumption measurements, three mice were placed in a cage and one group is composed of three cages, and food and water were measured as a total weight per cage. Thus the values are expressed as means ± S.E.M. (n = 3). * p \ 0.05 and *** p \ 0.001, compared with UPW(?)ALX. Sample designations are the same as in Fig. 3 and Munday 1989; Elsner et al. 2002 Elsner et al. , 2006 . Although the half-life of ALX is ca. 1.5 min. at neutral pH and 37°C in physiological solutions (Zhang et al. 1995) , it is reported to generate both extra-and intra-cellular ROS (free radicals), which are responsible for its toxic effect. ALX is extracellularly reduced to dialuric acid through interaction with any available cysteine, GSH or sulfhydryl group at the extracellular plasma membrane sites, followed by the auto-oxidation of dialuric acid back to ALX resulting in redox-cycling. This is accompanied by superoxide anion radicals (O 2 Á) and hydrogen peroxide (H 2 O 2 ), of which the latter can diffuse into the intracellular compartment (Winterbourn and Munday 1989; Lenzen and Munday 1991; Zhang et al. 1995; Szkudelski 2001) . Other studies have suggested that the basis for the toxicity of ALX to pancreatic b-cells is that it is taken up into the cells via the Glut 2 glucose transporter, where it is reduced to dialuric acid by intracellular cysteine and/or GSH (Elsner et al. 2002 (Elsner et al. , 2006 . Dialuric acid is then readily autooxidized back to ALX establishing a redox-cycle reaction for the generation of superoxide radicals and H 2 O 2 Schulte im Walde et al. 2002; Washburn and Wells 1997) . Furthermore, recent studies have shown that enhanced ALX toxicity depends on the released iron from ferritin mediated by ascorbate (Sakurai et al. 2006) , and the involvement of oxygen on the redox cycling between ALX and dialuric acid (Brömme et al. 2005) . These experimental data indicate that various effectors are related to apoptotic b-cell death as a primary cause of T1DM. Thus the extent to which b-cell destruction is sufficient to elaborate the diabetic condition is an important criterion. In this respect, Jörns et al. reported that normoglycemia turns to hyperglycemia when b-cell losses exceed 60-70% in T1DM model rats . Similar results have been reported by others suggesting that b-cell loss occurs gradually over years (Cnop et al. 2005; Klöppel and Clemens 1997) . Therefore, these observations suggest the possibility that the onset of T1DM could be prevented and/or delayed by using agents that scavenge ROS. The present in vitro and in vivo studies showed that the mice fed with ERW throughout the experimental period had a reduced incidence of diabetes, which was accompanied by improved diabetic indexes. Therefore, our results together with the previous report by Li et al. suggest that b-cell loss occurring gradually over several years could be prevented or retarded by taking ERW for a long period of time (Li et al. 2002) .
The present studies also revealed that the serum insulin levels were maintained at significantly higher levels when mice were treated with ERW for 8 weeks (Fig. 4) . Our interpretation of the higher insulin levels is that b-cell loss by apoptosis is lowered by scavenging ALX-induced ROS, consequently retarding DNA fragmentation and, thus delaying b-cell loss. Sakurai et al. also reported that vitamin E and butylated hydroxyanisol significantly prevented the inhibition of glucose-stimulated insulin release by treatment with 0.3 mM ALX (Sakurai et al. 2001 ). Other agents, including Ganoderma lucidum polysaccharides isolated from the fruiting body of a medicinal mushroom (Zhang et al. 2003) and red grape seeds proanthocyanidins (El-Alfy et al. 2005) are also reported to function as free radical scavengers in ALX-induced diabetic animals. Recently, Kim and Kim (2006) reported that ERW derived from tap water failed to affect blood insulin levels in streptozotocin (STZ)-induced diabetic mice. They speculated that ERW increases insulin sensitivity rather than increasing insulin release. Several possibilities available to explain the different observations obtained between our study and theirs. The b-cell responsiveness to ALX and STZ are likely different or may be due to different action mechanisms, although ROS is the common source of cytotoxicity (Szkudelski 2001 ). An in vitro study showed that a main target molecule for STZ is GLUT 2 protein, while that for ALX is GLUT 2 mRNA and GK mRNA (Gai et al. 2004) . ALX causes the production of hydrogen peroxide via superoxide, while STZ is a nitric oxide (NO) donor that eventually causes DNA damage and also induces alkylation of DNA via the nitrosourea moiety of STZ (Szkudelski 2001) .
Significant suppression of serum insulin levels were observed in ALX-induced diabetic mice compared with that of control mice. This ALX effect thus lead to elevated blood glucose levels which in turn, caused body weight loss due to low nutrient absorption even though food and water consumption were significantly increased to compensate poor nutrient utilization. On the other hand, the body weights of ERW fed mice were similar to control mice even though food and water consumptions were significantly reduced compared with control mice. This result could be explained by the possibility that ERW increased the levels of serum insulin which accelerated blood glucose uptake into tissues thus resulting in the requirement of less food and water. In agreement with our results, similar trends were reported in STZ-induced diabetic mice (Kim and Kim 2006) . Diabetes is related to aging. We demonstrated that ERW reduced ROS level of C. elegans and elongated the lifespan of Caenorhabditis elegans (Yan et al. 2010) . Kim and Kim (2006) used ERW prepared from tap water to demonstrate the anti-diabetes effect of ERW, however, tap water contains dozen of components that make detection of active substance(s) awkward. Our studied ERW is composed of limited composition (UPW, hydrogen, oxygen, NaOH and possible containants from NaOH reagent and batch type electrolysis device). Despite this, our ERW exhibited significant anti-diabetes effect. This is very helpful for detecting active substance(s) of ERW. We show the result of water examination and analysis of components of NaOH solution, ERW and electrolyzed acidic water (EAW) in the Supplementary Tables (see Springer  Web site) . We show the data of EAW because there is a possibility that EAW produced nearby anode passes through separating semi-permeable membrane to ERW. As the result, we could not detect any organic components at each measurement range shown in supplementary Table 1. Compared to control NaOH solution which adjusted to the same pH as ERW, ERW exhibited changes within twofold in the concentration of almost all components (exception was noted as *). Among these components, only Pt and Pt components were ca. 20-fold increased to the concentration of 2.47 lg/L. The increase of Pt concentration is speculated to be due to elusion from Pt-coated titanium electrodes. Because Pt is coated on titanium electrode by electronic plating, electrolysis is supposed to elute a small amount of Pt into solution. We confirmed that stronger electrolysis produces larger amount of Pt in ERW. The eluted Pt is assumed to form Pt nanoparticles. From these results, the candidate active substance(s) may be dissolved hydrogen and Pt. We proposed an active hydrogen metal nanoparticle reduced water hypothesis that electrolysis of water produces metal nanopartilces from metal ions which directly scavenges ROS and also activate hydrogen molecule to active hydrogen (hydrogen atom) to scavenge ROS in ERW (Shirahata et al. 1997; Ye et al. 2008; Shirahata 2002 Shirahata , 2004 . We demonstrated that Pt nanoparticles exhibited a good catalysis activity to scavenge O 2 Á -, H 2 O 2 , and ÁOH and suppressed oxygen-stress damages in cultured cells . Pt nanoparticles can extend the lifespan of nematode by scavenging ROS (Kajita et al. 2007; Kim et al. 2008) . Moreover, Pt nanoparticles are good catalysts to activate hydrogen molecule to atomic hydrogen, a potent reductant (Watzky and Finke 1997) . During electrolysis of water, abundant hydrogen atoms are produced on the surface of Pt electrodes by the reduction of hydrogen ions by electron, then hydrogen atoms reduce metal ions in ERW possibly to produce metal nanoparticles (Aiken and Finke 1999) . Thus there is a possibility that ERW derived from tap watcr contains more metal nanoparticles other than Pt nanoparticles. Recently, hydrogen molecules have been reported to prevent various oxidative stress-related diseases (Ohsawa et al. 2006; Fukuda et al. 2007; Hayashida et al. 2007) , suggesting that hydrogen molecules may participate in the anti-diabetes effect of ERW. Taken altogether, at least one or all of hydrogen molecules, metal nanoparticles like platinum nanoparticles and atomic hydrogen may be responsible for the antidiabetes effect of ERW.
The present study suggests that ERW can scavenge ROS and enhance anti-oxidant status in cells and animals, which then prevents ALX-induced apoptotic 13-cell death and the development of diabetes in experimental animals. Such anti-oxidative water like ERW is beneficial for the treatment of diabetes mellitus, because water has no energy and drinking a large quantity of water is possible.
In conclusion, ERW can prevent ALX-induced apoptosis in vitro and the effect is applicable to suppress T1DM in experimental animals by feeding for prolonged periods of time. The protective action of ERW may be related to their ability to prevent and/ or quench the free radicals generated in the cells and tissues.
Supplementary materials available
The result of quality and component analysis of NaOH solution, ERW and electrolyzed acidic water (EAW) are available in a supplementary Table. See Springer Web site.
